Abstract-With recent advances in animal models of disease, there has been great interest in capabilities for highresolution contrast-enhanced ultrasound imaging. Microbubble contrast agents are unique in that they scatter broadband ultrasound energy because of their nonlinear behavior. For optimal response, it is desirable to excite the microbubbles near their resonant frequency. To date, this has been challenging with high-frequency imaging systems because most contrast agents are resonant at frequencies in the order of several megahertz. Our team has developed a unique dual-frequency confocal transducer which enables low-frequency excitation of bubbles near their resonance with one element, and detection of their emitted high-frequency content with the second element. Using this imaging approach, we have attained an average 12.3 dB improvement in contrast-to-tissue ratios over fundamental mode imaging, with spatial resolution near that of the high-frequency element. Because this detection method does not rely on signal decorrelation, it is not susceptible to corruption by tissue motion. This probe demonstrates contrast imaging capability with significant tissue suppression, enabling high-resolution contrast-enhanced images of microvascular blood flow. Additionally, this probe can readily produce radiation force on flowing contrast agents, which may be beneficial for targeted imaging or therapy.
I. Introduction U ltrasound is a popular modality for imaging animal models of human diseases because of its portability, relatively low cost, and real-time imaging capability. studies have demonstrated that high-resolution ultrasound imaging is an effective approach for non-invasive imaging in rodents, which are used extensively as pre-clinical models for understanding tumor development or response to therapy [1] [2] [3] [4] . lipid-encapsulated microbubbles are often implemented as contrast agents during these ultrasound studies to improve detection of blood flow [5] . Their use requires an intravascular injection of a solution of microbubbles immediately before an imaging exam. after their injection, the microbubble contrast agents (Mcas) traverse the circulatory system with similar rheology to erythrocytes [6] . The acoustic impedance mismatch between the gas cores of Mcas and the surrounding blood and tissue is approximately four orders of magnitude [7] , causing them to scatter significantly more ultrasound energy than blood components, and thus enabling improved sensitivity of ultrasound to blood flow.
The most basic method of contrast enhanced ultrasound relies on receiving the acoustic signal scattered from microbubbles at the fundamental imaging frequency. one limitation to this detection method is that echoes from both tissue and Mcas are in the same frequency band. This necessitates a large quantity of injected Mcas to compete with the inherent and unwanted tissue backscatter. However, owing to the broadband and nonlinear acoustic responses of these gas-filled spheres it is possible to overcome this limitation with other detection strategies.
The most powerful Mca imaging methods are derived from the nonlinear responses of microbubbles to ultrasound, providing distinct differences in microbubble echo signatures when compared with the linear responses of tissue and blood. Imaging modes such as harmonic imaging [8] , subharmonic imaging [9] , [10] , phase inversion [11] , [12] , contrast pulse sequence [13] , [14] , and contrast harmonic imaging [15] exploit Mcas' nonlinear response; all of these methods provide improved contrast-to-tissue ratios compared with the previously described fundamental mode imaging. although these nonlinear imaging methods are now widely utilized in commercial ultrasound systems operating in the 1 to 15 MHz range, they are more challenging to implement in high-frequency ultrasound systems. one likely reason for this is that optimal Mca response requires excitation near the resonant frequency [16] , which is approximately 14 to 1.5 MHz for lipid-encapsulated bubbles that are 0.8 to 4 μm in diameter, respectively. Most commonly available commercially produced Mcas fall within this diameter range.
recently, dual-frequency excitation-detection been demonstrated by using either two confocal transducers [17] , or alternating elements in a linear array [18] . Bouakaz demonstrated that a contrast-to-tissue ratio of 40 dB over conventional b-mode imaging could be attained using a dualfrequency imaging technique with excitation at 0.8 MHz and detection at 2.8 MHz [17] . Kruse demonstrated that when the bubbles were excited with several hundred kilo-pascals at 2.25 MHz, broadband frequency content could be detected from the contrast agents as high as 45 MHz [18] . These initial studies by Kruse provided the proofof-concept for implementing the dual-frequency imaging method with higher frequencies suitable for implementation in small animal imaging studies. a dual-frequency approach enables the use of low frequencies to excite Mcas, with simultaneous detection of the broadband backscatter produced by oscillating or fragmenting bubbles, preserving high spatial resolution while suppressing background from tissue.
For in vivo dual-frequency imaging, we have designed a prototype dual-frequency imaging transducer which has been integrated with a Vevo770 small animal imaging system (Visualsonics,Toronto, on, canada). In this manuscript, we present results from initial studies on the performance of the dual-frequency probe from several studies performed in rats. our studies assess contrast-to-tissue ratios compared with traditional high-frequency b-mode imaging, and sensitivity to tissue motion compared with image subtraction and power-doppler, common methods utilized to detect contrast agents at high frequencies. our dual-frequency imaging strategy provides improved contrast over traditional high-frequency b-mode imaging as well as a reduction in sensitivity to animal motion compared with both image subtraction and power-doppler methods. additionally, we examine the capacity of the probe to produce acoustic radiation force, which is maximized on microbubbles when excited near their resonant frequency [19] . radiation force has been demonstrated to enhance the delivery of acoustically-active drug delivery vehicles [20] , [21] , and to enhance the retention of targeted contrast agents [22] , [23] .
II. Materials and Methods

A. Experimental Equipment and Setup
1) The Dual-Frequency Probe:
The confocal imaging probe designed by our group is an adaptation of a Visualsonics rMV707 ultrasound probe and is used with a Visualsonics Vevo 770 micro-imaging system, a commonly implemented preclinical ultrasound imaging system. Traditionally, the high-frequency piston transducer element within the rMV probe mechanically sweeps to obtain images. an additional 2.5 MHz transducer was added confocally outside the inner 30 MHz element in the adapted setup [ Fig. 1(b) ]. This outer low-frequency transducer enabled us to transmit at a frequency near Mca resonance, while receiving the emitted high-frequency signal content with the inner transducer. a schematic displaying how the waveforms were delivered and received by the setup can be seen in Fig. 1(a) .
after the low-frequency pulses are delivered into the animal, the 30-MHz inner element receives the reflected ultrasound signal. The unwanted backscatter of tissue is suppressed by sending each line of raw rF data through a seventh-order 10-MHz high-pass filter [HP-F, in the Fig. 1(a) schematic] (TTE Inc., los angeles, ca) before being displayed and saved by the ultrasound imaging system.
2) Characterizing the Probe: Using a 40-μm needle hydrophone (Precision acoustic, dorchester, UK) and a 3-d motion stage, the beam-fields of the dual-frequency probe's two individual elements were measured at their foci. The pressure outputs of the two elements were also measured relative to the center of the high-frequency element.
To determine the resolution achievable with our dualfrequency imaging approach, two studies were performed. one of these studies was based on the collected rF data from single Mcas, which enabled us to make estimations about the theoretical limits, or best case for axial resolution using our imaging parameters. The second study was based on video data collected from single bubbles, which allowed us to determine the point spread function of our imaging system and thus determine the practical lateral and axial resolutions achievable in actual ultrasound studies implementing our parameters. axial and lateral are defined as the parallel and orthogonal directions of wave propagation respectively. Within an image, axial represents the depth axis.
For the first resolution study, a dilute concentration of Mcas was pumped through a 27-gauge needle tip coupled to a 380-μm polyethylene tube (Becton dickinson, sparks, Md), which was then coupled to a 200-μm capillary tube (spectrum labs, rancho dominguez, ca) The transducer was set to acquire data with a frame rate of approximately 1 Hz and bubbles were pumped through the capillary tube at 1 ml/h, which corresponded to a linear flow velocity of 9 mm/s. rF data was collected with the 30 MHz element of individual bubble responses for single cycle excitations at 2.5 MHz and at peak negative pressure of 617 kPa. after more than 100 bubble responses were acquired, the time-domain signals were Fourier transformed and averaged together in the frequency domain. once all pulses had been averaged, the mean frequency-domain signal was then inverse-Fourier transformed to yield a mean timedomain signal. The envelope of this mean signal was determined using Matlab (The MathWorks, natick, Ma), via the absolute value of the Hilbert transform, and the full-width at half-maximum (FWHM) of the envelope used to yield the theoretical limit of the axial resolution for dual-frequency imaging at our pulsing and receiving parameters.
For the second resolution study, a dilute concentration of bubbles was pumped through a setup similar to the one described for the first resolution study. The tube was oriented horizontally and imaged at 2.5 MHz at a 1 Hz rate. The video data were exported as uncompressed aVI files and analyzed offline in Matlab. Because the concentration of bubbles was dilute, not all frames contained images of bubbles, though in each video frame containing a bubble, its center was manually defined. The vertical and horizontal cross-sections through this point were extracted from the image data (representing the axial and lateral components of the point spread function, respectively), interpolated, and the FWHM in each dimension was determined. Thirty samples were collected and averaged. The mean FWHMs in each direction-lateral and axial-were taken as their respective directional resolutions.
3) Animal and Contrast Agent Preparation: a total of eight sprague-dawley rats (Harlan laboratories, Indianapolis, In) were imaged in the course of this study: three during the contrast-to-tissue comparison study and five during the sensitivity to motion study. Before all imaging studies, animals were prepared in the same way.
Each animal was first anesthetized in an induction chamber by introducing a 5% aerosolized isoflurane-oxygen mixture. once sedated, the animal was removed from the induction chamber, the isoflurane concentration reduced from 5% to 2% and maintained via mask delivery. Its abdomen was shaved and a depilating cream was applied to the animal's skin to dissolve any remaining hair. a 24-gauge catheter was inserted into the animal's tail vein for the administration of Mcas. The animal was then placed in dorsal recumbancy on a heating pad. Finally, ultrasound coupling gel was placed between the imaging transducer and the animal's skin to ensure the quality of signal transmission. animals were handled according to national Institutes of Health guidelines and our study protocol was approved by the Unc Institutional animal care and Use committee.
The Mcas used in this study were made with a lipid shell and perfluorocarbon core as described previously [24] . contrast agents were diluted in sterile saline to result in a final concentration of 2.2 × 10 9 bubbles/ml (unless otherwise stated) and a mean diameter of 0.8 ± 0.4 μm, determined with a particle-sizer (accusizer 780a, Particle sizing systems, santa Barbara, ca).
B. Determining Contrast-to-Tissue Ratios
Two studies were performed to examine how imaging pressure affected the probe's sensitivity to contrast. This sensitivity was quantified with the measure of contrast-totissue ratio (cTr). The first study was performed in vitro, and was designed to determine the acoustic responses of both tissue and contrast agents when subjected to the imaging parameters utilized by our probe. The second study was an in vivo study, which compared the cTrs achieved by the probe operating in both high-frequency and dualfrequency imaging modes within an actual tissue environment.
1) In Vitro CTR Study:
For the in vitro cTr study, individual Mcas in a flow phantom were imaged in dualfrequency mode at four different mechanical indices (MIs) between 0.33 and 0.57. Bovine muscle tissue was also imaged at the same parameters to simulate the acoustic response of non-perfused tissue. The lines of rF data from these scans were Fourier transformed and divided by the frequency bandwidth of the receiving element. This allowed us to appropriately weight the frequencies in the measured signal which were higher and lower than the probe's 30 MHz fundamental frequency. By doing this, we were able to compare the spectral power of the true bubble and tissue signals and thus, to compute a theoretical cTr versus frequency plot for multiple imaging pressures (regardless of our specific receiving element's sensitivity).
2) In Vivo CTR Study: Three animals were imaged for the cTr study. Their kidneys were selected as the imaging region of choice because of the organ's high degree of vascularization, thus providing an opportune target to image large numbers of injected Mcas. Each animal had both kidneys imaged in both dual-frequency and highfrequency modes, resulting in six independent trials. contrast agents were delivered at a continuous infusion rate of 3 ml/h using a syringe pump (Harvard apparatus, Holliston, Ma). The Mca solution was allowed one minute to reach equilibrium before any image data was collected. approximately 20 video frames were acquired at 2 Hz in both high-frequency and dual-frequency modes at each of the six imaging locations. The dual-frequency mode was operated with a 2.5-MHz pulsing frequency and a 30-MHz receiver element. The high-frequency imaging mode was operated with pulse-echo only from the 30-MHz element. Both imaging modes used one-cycle sinusoidal driving pulses. different image pulsing pressures were evaluated in both imaging modes, as summarized in Table I .
For analysis of cTr at each tested parameter, the onboard software of our ultrasound system was utilized after all data had been collected. regions of interest (roIs) were defined for both contrast and tissue regions for each kidney imaged. The centers of all roIs were defined within 1 mm of the transducers' foci to ensure that we were consistently sampling from imaged regions of tissue that had received a similar amount of acoustic energy. although different roIs for both tissue and contrast regions were defined for the six different kidneys imaged, the same roIs were applied to the data sets collected in each of the kidneys at the different imaging parameters. B-mode images were acquired before and after each administration of contrast agents to ensure consistency of the contrast and tissue roIs used for each kidney over time (i.e., to ensure they were not corrupted by global shifts in tissue). The mean pixel intensity in the roIs were calculated at each imaging parameter and compared between animals.
C. Determining Sensitivity to Motion
To test the robustness of the dual-frequency method in the presence of respiratory motion, five animals were imaged with power-doppler, image-subtraction, and dual-frequency imaging modes. The imaging protocol consisted of administering 150-μl bolus injections of Mcas, and observing the kidney without respiratory gating as the contrast washed out of the system. The goal was to examine the different imaging modes' abilities to detect the sharp increase in video intensity following the introduction of Mcas into the renal volume, as well as their consistency in monitoring the steady decrease in intensity as the contrast agents were cleared from the different animals' systems. To record the entire contrast washout curve, the left kidney of each animal was imaged for at least 6 min following each injection. all three imaging modes were tested within the same anatomical region of each animal (meaning neither the animal nor the transducer was moved between data acquisitions with different imaging modes). Following the collection of data, videos were exported and examined offline in Matlab for analysis of these curves.
D. Production of Radiation Force
The ability of the dual-frequency probe to produce radiation force was tested in vitro in a water bath. Mcas were prepared and pumped through a 200-μm cellulose tube using a syringe pump (Harvard apparatus, Holliston, Ma) at several different constant volumetric flow rates. These flow rates are summarized in Table II along with the corresponding linear flow velocities.
The tube was oriented horizontally, and was located at the focus of both the dual-frequency probe and a high-speed camera (aPX-rs, Photron, san diego, ca) equipped with a 60× water immersion lens (lUMPlanFI/w, olympus, Melville, ny). The axes of the camera and the transducer were perpendicularly aligned with the tube at the same location. This dual-focus setup was achieved by positioning a needle hydrophone in the optical focus, and aligning the pulsing transducer such that the measured signal from the hydrophone was maximized. The Mca solution was then pumped through a 200-μm tube at the different flow rates and exposed to 200-cycle low amplitude pulses [peak negative pressure (PnP) ~ 12.5 kPa] at 4 MHz and a pulse repetition frequency of 15 kHz. This frequency was out of the optimal bandwidth of the low-frequency element, but was chosen to reduce bubble destruction. The effects of these pulses were observed in real time as well as recorded to later confirm the efficiency of the radiation force pulses offline.
III. results
A. Characterizing the Probe
The −6-dB beamwidth in the focal planes of the 30-MHz and 2.5-MHz transducers were determined to be Modified from [25] . These velocities formed the basis for the tested range of flow velocities of contrast agents undergoing radiation force.
0.21 mm and 0.51 mm, respectively. The axial −6-dB focal regions (depths of field) were determined to be 2.7 mm and 10.3 mm for the two respective elements. The experimentally determined limit of axial resolution, measured using the FWHM of the rF data for averaged Mca bubble responses, was 95 ± 3.47 μm. The uncertainty in this measurement is the standard deviation of the FWHMs collected at the different mechanical indices tested (N = 8, between MI of 0.28 and 0.57). There was not a significant trend observed in this value with increasing low-frequency MI. The experimentally determined lateral resolution of the probe operating in dual-frequency mode, as estimated from the average FWHM of a horizontal profile taken through a bubble response in multiple frames of video data, was 296 ± 67 μm. likewise, the experimentally determined axial resolution was determined to be 161 ± 31 μm via the mean FWHM in the vertical profiles acquired in the same method. The uncertainty in these measurements is the standard deviation of the FWHM values (N = 32 for both).
B. Contrast-to-Tissue Ratios 1) In Vitro CTR Study:
The acoustic responses of both bubbles and tissue were used to create a measure of cTr versus receive frequency at several different mechanical indices for the imaging pulses. a plot of this data can be seen in Fig. 2(a) . The signals from both the Mcas and tissue were corrected for the receiving element's bandwidth to measure the ratios of their spectral content irrespective of the imaging system used to detect the signals. The data shows improved cTr with increasing mechanical index. The cTr versus frequency plots also demonstrate this improved contrast sensitivity relative to tissue with increasing mechanical index. Between the mechanical indexes tested, a similarly decreasing slope of 1 dB/MHz is observed throughout the bandwidth of the probe. The decibel values in Fig. 2(a) are relative to the tissue responses at each frequency and MI.
2) In Vivo CTR Study:
The video data collected from contrast enhanced ultrasound studies on both kidneys of three different animals in both traditional high-frequency b-mode and dual-frequency imaging modes were analyzed to determine cTr in an in vivo environment. Both a 2-d slice and a 3-d maximum intensity projection of a kidney imaged in dual-frequency mode can be seen in Fig. 3 , providing a representative view of the extent of tissue suppression provided by this imaging method. In a 2-d image slice of each kidney, roIs were selected around regions of tissue and contrast for both the dual-frequency and highfrequency imaging studies, and these values were used to determine the cTr at each imaging pressure. These values are plotted in Fig. 2(b) .
The cTr in the high-frequency in vivo imaging studies was nearly constant as a function of pressure, with an average value of 1.18 ± 0.01. across the pressures studied (1000 to 4000 kPa), the mean pixel intensity within regions of contrast flow were only 18% greater than those of tissue. The mean in vivo cTr values obtained in the dual-frequency mode ranged between 1 and 5 for the pressures tested, with a linear increase between MI = 0.19 and 0.51 (290 and 813 kPa) with a slope of 0.0074 kPa −1 (r 2 = 0.97). at dual-frequency imaging pressures higher than 813 kPa, the cTr data leveled off and approached an average value of 4.8.
Thus, at pressures greater than approximately 800 kPa, the dual-frequency imaging method resulted in an average 12.3 dB improvement in cTr, compared with highfrequency b-mode imaging, for this range of mechanical indices. The maximum improvement in cTr between two images acquired from the same anatomical location with dual-frequency imaging mode compared with highfrequency b-mode was 17.2 dB at a low-frequency MI of 0.51.
C. Sensitivity to Motion
Within the seven sets of image data collected in five different animals with power-doppler, image subtraction, and dual-frequency imaging modes without respiratory gating, dual-frequency imaging was significantly more robust at monitoring the presence of Mcas. Because of the artifacts in the video data resulting from respiratory motion, the image-subtraction method was unreliable without respiratory gating. In this mode, the changes in video intensity caused by tissue motion were approximately the same amplitude as the signal from the circulating contrast, and we were only able to observe a decay slope of the contrast washout in the kidney roI in one of the animals.
similarly, 5 of 7 imaging studies using power-doppler were corrupted to the point that a washout curve could not be acquired. Examples of how these imaging modes were corrupted by breathing motion can be seen in Fig. 4 . In contrast, the dual-frequency imaging experiments (N = 7) produced a defined contrast washout curve in each case despite substantial respiratory motion. Fig. 5 illustrates the relative success rates for the different imaging strategies, with dual-frequency mode demonstrating a 3.5-and 7-fold improvement over power-doppler and image-subtraction, respectively.
D. Production of Radiation Force
Using a dual optical-acoustic focus and contrast agents flowing in a 200-μm cellulose tube, we have verified that the probe is capable of applying radiation force in vitro. The transducer was aligned above the tube and the incident radiation force pulses were capable of pushing a polydisperse distribution of flowing Mcas perpendicular to their direction of motion against buoyancy. The proficiency of these sequences of radiation force pulses, administered with a single 3-second sweep, was tested at several different linear flow velocities between 0.3 and 200 mm/s, as summarized in Table II . The radiation force pulses from the probe were able to divert the flow of contrast agents a distance of 200 μm-the diameter of the tube-at all linear flow velocities less than 50 mm/s. at flow rates faster than this, the direction of the Mca stream was perturbed, though did not significantly divert within the viewing window of 500 μm. at 200 mm/s, the stream was only estimated to divert approximately 50 μm at our push parameters. The ability to divert the stream is well visualized with time-axis projections, an example of which is seen in Fig. 6 . In this image, the mean intensities of movie pixels throughout the time of data collection are mapped to pixels in a single 2-d image.
IV. discussion
Based upon the work of Kruse et al. [17] , we hypothesize that the high-frequency energy that we are detecting from the microbubbles is generated during the rapid collapse of the gas core during the low-frequency driving pulse. In the frequency domain, these emitted acoustic transients were confirmed to be very broadband, as seen in Fig. 2(a) , allowing them to be detected at frequencies far away from the fundamental.
The 3-d hydrophone scans performed to map the beamfields of our dual-frequency probe's two elements revealed that the inner and outer elements were misaligned. neither transducers' focus perfectly overlapped the center of the z-axis of the mechanically scanning arm, with the low-frequency element having an off-axis misalignment of 255 μm compared with the high-frequency element's 16 μm. There were several consequences of this misalignment. one issue with this was that the focus of the 30-MHz element overlapped the 2.5-MHz element approximately −6 dB from the focus, and hence the signal intensity from the microbubbles detected during dual-frequency mode was substantially less than optimal. one other consequence was that the microbubbles were rapidly destroyed outside of the imaging region because of a higher pressure at the focus of the misaligned 2.5-MHz transducer. This resulted in differences in the contrast intensity depending on whether the transducer was scanning with the focus of the 2.5-MHz element preceding or following the imaging element.
another limitation of the prototype probe compared with the standard mechanically scanned probes made by Visualsonics was the reduced maximum frame rate. The maximum sweep speeds of for rMV probes vary between 25 and 75 Hz, depending on the model of the probe and the imaging depth of field, however, the speed of the prototype probe was limited as a result of the increased mass incurred by the outer confocal element to 20 Hz.
For all imaging pressures tested, the cTr versus frequency curve peaked at approximately 15 MHz, and decreased from there with increasing frequency [ Fig. 2(a) ]. This decline in cTr was caused by the decrease in spectral power of the acoustical transients at the higher frequencies, because the spectral power of the tissue signal quickly approached the noise floor above the fundamental imaging frequency of 2.5 MHz. The cTr increased uniformly across all frequencies in the bandwidth of the receiving element with increasing imaging MI, which can be attributed to more violent collapses of the Mca gas cores at increasing pressures.
The results obtained during the in vivo cTr portion of the study showed that the dual-frequency imaging method could be used in animal studies to improve contrast sensitivity over conventional high-frequency imaging methods. High-frequency b-mode imaging showed little improved contrast signal over tissue signal regardless of imaging pulse pressure. The average cTr in high-frequency b-mode was 1.18. dual-frequency imaging of the same animals and the same imaging locations showed a linearly increasing trend in average cTr ranging from 1.3 to 4.8, increasing as a function of increasing imaging pressure. after approximately 800 kPa, the rate of increase in the contrast signal was similar to that of the tissue signal and the cTr did not noticeably improve at higher imaging pressures.
There was an approximately 10-fold difference between the in vitro and in vivo cTr studies when implementing dual-frequency imaging at the pressures listed in Table II. It is important to note that the in vitro analysis of cTr was performed without consideration for several realities present in the in vivo study, and in all ultrasound imaging exams. The simplifying factors of the in vitro setup which artificially enhanced the measured cTr were, namely, the absence of signal attenuation expected to occur in a tissue medium, and the analysis of rF data mitigated the loss of signal information inherent in any imaging system's compression and video-data display algorithms. Instead, this data served to provide a basic understanding of the dual-frequency acoustic responses of Mcas and tissue at frequencies higher than previously examined.
In Figs. 3 and 4(b) , it is clear that the larger vasculature within the kidney is brighter and better delineated from the surrounding tissue than smaller blood vessels. Thus the contrast provided by our dual-frequency imaging method appears to be, predictably, a function the quantity of contrast agents present within the imaging roI. If the probe is to be operated within a destructive pressure regime for Mcas (a range which provided the best contrast within our in vivo cTr study [26] ), one potential limitation of our imaging strategy would be the need to delay imaging pulses to allow contrast refresh within the microvasculature. This decreased frame rate would be beneficial for imaging tissues with slow perfusion times.
The dual-frequency imaging method was compared with power-doppler and image-subtraction, two common methods to monitor the presence and flow of contrast with ultrasound on high-frequency imaging systems. Power-doppler is very effective at detection of contrast agents because of the high-amplitude post wall-filtered power produced by moving or breaking bubbles. However, as a result of this detection strategy, power-doppler also proved very sensitive to tissue motion. Image-subtraction, another method to monitor contrast presence, compares a pre-contrast baseline image to contrast enhanced images on a pixel-by-pixel basis, and likewise proved very sensitive to tissue movement. This tissue motion resulted in many pixels differing from their original baseline values, yielding substantial artifacts, especially along boundaries between tissue types, as indicated by the white arrows in Fig. 4(c) . our results suggest that both of these methods require respiratory gating to produce consistent results in a high-tissue-motion environment. Even when respiratory gating was enabled, implementing these two imaging methods could be a challenge if tissue motion is excessive, because global tissue migration will invalidate the original pre-contrast baseline images. dual-frequency imaging, on the other hand, exploits the non-linear response of Mcas to enhance contrast signal intensity and thus proved significantly more robust in the presence of respiration-induced tissue motion than either power-doppler or imagesubtraction methods.
although not shown here, we were able to generate overlays of contrast data over the b-mode tissue by utilizing a relay circuit to toggle excitation of the low-frequency and high-frequency elements with successive imaging frames, and then displaying successive tissue and contrast frames together by color coding the contrast data.
Based on the results of the in vitro radiation force experiments, the dual-frequency probe could be utilized to direct microbubbles to the endothelial wall in targeted imaging studies over a range of physiologically relevant flow velocities. additionally this ability could be implemented in acoustically-mediated drug delivery studies, because the probe is also capable of delivering acoustic energy above the bubble destruction threshold, which would facilitate site-specific release of therapeutic agents.
although the studies within this manuscript were performed in rats, its resolution as well as its sensitivity makes its implementation in mice studies also highly attractive. However, the high-frequency components come at the cost of a loss in penetration depth (less than ~2 cm), and thus our specific parameters are less suitable for clinical application and more appropriate for translational research with small animal models. The combination of high contrast-to-tissue ratios and high spatial resolution achievable with our prototype probe make novel approaches to understanding and quantifying specific morphologies of pathologic vasculature an exciting possibility. For an additional perspective on our imaging strategy's ability to visualize microvessels in vivo, the reader is referred to a supplemental video ( ) in which a volumetric rendering of the vasculature within a subcutaneous rat fibrosarcoma tumor model is displayed.
V. conclusion
We have demonstrated that dual-frequency imaging can be utilized in vivo at higher frequencies than previously demonstrated to produce high-resolution images with high contrast-to-tissue ratios. Because of the substantial tissue suppression, this technique is robust in the presence of tissue motion. additionally, the probe effectively produced radiation force in vitro on microbubbles with flow-rate parameters analogous to most types of environments found within a wide range of vasculature types.
acknowledgments
The authors thank I. Miles for her assistance with many of the animal imaging studies conducted during this study.
references
